Abstract. Using comparative analysis of the rates of key processes, we have documented the net effect of a shift in plant species composition on nitrogen cycles with the example of the rapid expansion of Phragmites australis (common reed) and its replacement of short grasses (e.g., Spartina patens) in coastal marshes of the eastern United States. In this study, we measured nitrogen (N) uptake by marsh plants, N adsorption from the water column by litter, changes in N content of litter, sediment N mineralization, nitrification, and nitrate consumption in adjacent plots dominated either by P. australis or by historically dominant S. patens. Rates of individual processes were generally greater in P. australis than in S. patens, but the magnitude of difference varied greatly among processes. Seasonal measurements of standing stock nitrogen in plant tissue indicate that P. australis took up ϳ60% more N than did S. patens, and annual rates of N immobilization were nearly 300% greater in P. australis litter than in S. patens litter. The greater demand for N in P. australis plots, however, was apparently compensated for by increased rates of N supply; mineralization rates in P. australis sediments were nearly 300% greater than those in sediments with S. patens. Rates of nitrate reduction (dissimilatory and assimilatory) were 300% greater in P. australis sediments. Whereas P. australis clearly sequestered more N in live and dead biomass than did S. patens, the presence of P. australis also stimulated the microbial production of inorganic N. This compensation of increased N demand with increased N supply suggests that the net nitrogen budget (inputϪoutput) of brackish tidal marshes is not immediately altered by the replacement of S. patens with P. australis. However, the greater magnitude of internal N cycling in P. australis communities is likely to influence the mobility of N pools, thereby altering pathways of N export.
INTRODUCTION
Plants affect ecosystem processes, including nutrient cycling, through a combination of morphological, phenological, physiological, and biochemical traits (see Hobbie 1992 , Chapin 1993 , Ehrenfeld 2001 . The growth form, quantity, chemical quality, and timing of both above-and belowground plant growth influence the inputs of organic matter to the soil and thus, the activities of the soil biota responsible for carbon and nutrient dynamics (Wedin and Tilman 1990 , Hooper and Vitousek 1998 . In addition, these plant traits can affect local temperature and moisture regimes (Sala et al. 1996) , the exchange of energy with the environment (Christian and Wilson 1999) , disturbance frequencies and intensities (Mack and D'Antonio 1998) , and herbivore-mediated effects on ecosystem processes (Pastor and Naiman 1992) . Rapid changes in plant community structure as a result of Kemp. 3 E-mail: windham@lehigh.edu invasive processes may thus cause changes in ecosystem functions (Ehrenfeld 2001) . These rapid changes permit the plant-driven effects on ecosystem processes to be separated from changes due to environmental conditions (e.g., microclimate or soil development) that often accompany slower successional changes (Vitousek 1990) . Plant invasions have previously been found to alter various components of the nitrogen (N) cycle. For example, Kourtev et al. (1999 Kourtev et al. ( , 2003 found that nitrification rates and extractable nitrate concentrations were increased under both an exotic shrub and an exotic grass that invade eastern deciduous forests. Asner and Beatty (1996) found that invasions of Melinis minutiflora, an exotic grass, into Hawai'ian shrub communities stimulated higher rates of N mineralization than were observed under the native vegetation. Both N and carbon (C) mineralization rates in soil beneath an invasive plant (Kochia scoparia) in short-grass steppe increased by as much as 40% compared to six native graminoid species (Vinton and Burke 1995) . In contrast, Taeniatherum caput-medusae reduced N and C mineralization rates in rangelands compared to the na-PLATE 1. Phragmites australis (common reed) involves a shortgrass meadow dominated by Spartina patens (salt hay) through underground rhizome extension on Hog Island of the Mullica River in the Jacques Cousteau National Estuarine Research Reserve of New Jersey. Profound structural differences between these vegetation types lead to differences in soil chemistry and biogeochemical processes. The expanding edges of P. australis patches are often observable by a decline in tiller height and a lack of inflorescence. Photo by Richard Lathrop, Rutgers University. tive vegetation (Trent et al. 1994) , as did Hieracium pilosella in tussock grasslands in New Zealand (Scott et al. 2001) . Changes in soil organic N pools have also been observed following plant invasions: Hieracium invasions increased organic N in pastures (McIntosh et al. 1995) , whereas pine invasions in South Africa decreased this pool (Versfeld and van Wilgen 1986) . The different magnitudes and directions of effects of plant invasions on the different components of the N cycle, as documented in the literature, suggest that a comprehensive analysis of N fluxes and pools is necessary to accurately assess the full impact of invasions on N dynamics of the ecosystem. This may be especially true for wetlands in which plant-mediated effects on reduction-oxidation potentials and sedimentation promote spatial and temporal variations in both plant and microbial processes (Bedford et al. 1999) .
The cycling of nutrients such as N involves a large number of individual processes, mediating both interchanges with the surrounding environment and fluxes within the system. The net balance of inputs and outputs will reflect the combination of all the various processes. The net effect of a rapid change in plant community composition on N cycling will thus be the cumulative result of changes, if any, in each process that contributes to the cycle. Comparisons of the individual rate measurements can be used to identify potential shifts in the N cycle that may develop over time and the processes that deserve closer inspection.
In tidal marshes along the eastern U.S. and Gulf coasts, the invasion of Phragmites australis (Cav.) Trin. ex. Steud. (common reed) into communities dominated by Spartina patens (Ait.) Muhl. (salt hay) clearly alters vegetation structure and soil properties. P. australis, a native species (Orson 1999) , produces conspicuously larger amounts of aboveground biomass (Windham 2001) , and the replacement of S. patens with P. australis can increase reduction-oxidation potentials, lower water tables, reduce microtopographic variability, and reduce salinity at the soil surface (Windham and Lathrop 1999) (see Plate 1). The availability of dissolved inorganic nitrogen (DIN; averaged over 0-50 cm depth) is consistently lower under P. australis as compared to both S. patens (L. Windham, unpublished manuscript) and S. alterniflora (Chambers 1997) .
In this paper, we compare components of the N cycle between S. patens stands and recently invaded (20-25 years), adjacent stands of P. australis in a brackish tidal marsh. We measured rates of plant uptake and litter N dynamics (immobilization and mineralization rates) in the field, and we conducted short-term, laboratorybased measurements of potential litter adsorption of N from the water column, ammonification, nitrification, and nitrate consumption. By comparing rates of these processes, we suggest the pathways by which N cycling is likely to be affected by P. australis expansion.
METHODS

Site
The comparison between these two plant species was conducted with populations within the brackish tidal marshes of Hog Island in the Jacques Cousteau National Estuarine Research Reserve at Mullica RiverGreat Bay in southern New Jersey (Windham and La-throp 1999) . The brackish region (0.5-18 ppt [grams of salt per kilograms of water]) of the Mullica River is centered on Hog Island, ϳ17 km upstream from the mouth of the river at Great Bay. Tidal amplitudes average 1.2 m, and the marsh floods during roughly 20% of the high tides. On Hog Island, rapidly expanding P. australis patches are widely distributed with no obvious pattern within a matrix of S. patens (Lathrop et al. 2003) . Historical aerial photography and a historical field-based vegetation map (Ferren et al. 1981) were combined in a geographic information systems (GIS) to identify areas in which Phragmites had been present for at least 20 years and that had previously supported S. patens communities with similar flooding frequencies and soil salinities. Three of these locations were chosen for this study; each of which had an established P. australis stand adjacent to S. patens. The locations of sites were verified in the field using a global positioning system (GPS, Trimble Navigator).
N-cycling processes
Plant uptake and estimated translocation of N.-Aboveground and belowground biomass of both species were sampled three times in 1997 to characterize the pre-, peak-, and post-growing season: April, August, and November, respectively. Aboveground biomass was harvested in each plot by clipping three 0.25-m 2 plots in each of three stands (n ϭ 9 for each species) on each sampling date. The samples were then analyzed for air-dry biomass, air-dry to oven-dry conversion factors, and organic content by loss-on-ignition (LOI; Craft et al. 1994) . Belowground biomass from each vegetation type was determined by obtaining three core samples at each of the three sites (n ϭ 9 for each species; 50 cm depth, 7 cm diameter). The cores were immediately sectioned into 10 cm depth intervals, and sections of standardized volume were taken from each 10-cm interval to determine moisture content, bulk density, and organic content loss-on-ignition (Craft et al. 1994) . A second set of 20-g subsamples was taken from each 10-cm core section (n ϭ 3 per section; n ϭ 135 per species) and gently washed in mesh bags (2 mm 2 ) to remove sediment and loosen the root fibers. Live roots and rhizomes were hand sorted from the fibrous root mat with forceps, and dried at 70ЊC to constant mass (Ͼ5 d; Seliskar 1983 ). This measure of belowground biomass in grams per kilogram of soil was converted to an area basis (grams per square meter) through multiplying by bulk density (grams of roots per kilogram of soil ϫ kilogram of soil per square meter).
The N content of above-and belowground biomass was analyzed by digesting samples of plant material with sulfuric acid and peroxide (Lowther 1980 ; n ϭ 3 for each species, site, tissue type, and date) and measuring total Kjeldahl N (TKN) in the remaining solution with an Alpkem RFA/2 autoanalyzer (Alpkem, Wilsonville, Oregon, USA). Tissue N concentrations were calculated as the grams of N-TKN per grams of ashfree dry mass (AFDM) of plant tissue (Bradley and Morris 1992) . Standing stock N (SSN) was calculated for above-and belowground biomass by multiplying the mean AFDM biomass and tissue N concentrations for each month. Plant net uptake was estimated as the difference between the whole plant SSN in April and August. Net translocation of N was estimated as the decrease of belowground SSN from April to August. Retranslocation was estimated as the increase in belowground SSN from August to November (Hopkinson and Schubauer 1984) .
We examined the N concentrations of above-and belowground biomass separately, with two-way analyses of variance (ANOVA) followed by Fisher's least significant difference (LSD) post hoc tests of differences between months and between species in tissue N concentrations. Proportional data were arcsine transformed prior to analysis. Because standing stocks of N (SSN) were calculated by combining two measures (biomass and tissue N concentration), 95% confidence intervals were calculated for each species at each replicate site (Barry 1978) , and these means were compared by t tests of means with known variance (Sokal and Rohlf 1969 Windham (2001) . N immobilizaton and mineralization were calculated based on changes in litter mass and N concentrations between each sampling date.
Differences in litter N dynamics between species and between sites for each individual sampling period were determined with a one-way ANOVA for the three treatments (PP, SS, PS). Differences between species and months in N concentrations were analyzed with a twoway ANOVA (Statview; Abacus Concepts 1996) fol-lowed by a Fisher's LSD analysis. Because N pools in litter represented combined data from mass and N concentration, treatments were compared with t test of means with known variance calculated from cumulative errors (Barry 1978) .
Rapid adsorption and microbial immobilization of N on litter.-We examined the contributions of chemiadsorption and microbial uptake in litter to the transfer and retention of N from floodwaters by carrying out short-term adsorption measurements in laboratory incubations. To separate biological immobilization from physical adsorption, litter from S. patens and P. australis was treated in three ways: unamended, autoclaved, and chloroform added. Because both autoclaving and chloroform can alter physical properties of litter, biological activity on the litter was reduced in both ways to address spurious effects of the sterilization process on physical adsorption properties of the litter. These manipulations yielded seven treatments: (1) no litter (control), (2) unmodified Phragmites, (3) autoclaved Phragmites, (4) chloroform-added Phragmites, (5) unmodified S. patens, (6) autoclaved S. patens, and (7) chloroform-added S. patens.
We used ground material (Wiley mill with number 40 mesh, Fisher Scientific, Swedesboro, New Jersey, USA) to determine whether differences in litter quality affected the interactions of solution N with the litter (McGuire 1993). Ground litter (0.2 mg) was placed in 5-mL vials with 3 mL of 100 m ammonium-nitrate solution (0.14 mg/L NH 4 ϩ and 0.62 mg/L NO 3 Ϫ ). These concentrations were similar to average concentrations of NH 4 ϩ (0.5 Ϯ 0.13 mg/L [mean Ϯ 1 SE]) and NO 3 Ϫ (0.63 Ϯ 0.24 mg/L) in the Mullica River (Windham 1999) , and similar to an earlier study by Bowden (1986) , they provided 4.2 g of NH 4 ϩ and 18.6 g of NO 3
Ϫ for removal by 0.2 g of ground litter. Thirty-five vials (five replicates of each of the seven litter treatments) were placed in self-sealing polyethylene bags (e.g., Ziploc) for each of six drum-rotated incubation periods (0, 1, 8, 24, 48, or 96 h) . The solution from each vial was filtered through 0.45-m membrane (Millipore, Billerica, Massachusetts, USA) to remove particulates, acidified with 100 L HCl, and then refrigerated until analysis for both NH 4 ϩ and NO 3 Ϫ with an Alpkem RFA/2 autoanalyzer.
The amounts of N-NH 4 ϩ or N-NO 3 Ϫ remaining in solution were compared among treatments with a oneway ANOVA (df ϭ 6) followed by contrasts (df ϭ 1) at each time interval between the control treatment and each of the remaining six treatments. This was followed by a two-way ANOVA on all litter-filled vials (all vials excluding the litter-free control) testing for effects of treatment (df ϭ 5), and time interval.
Sediment production and consumption of DIN.-Intact sediment cores (5 cm diameter; n ϭ 81 for each species) were collected at two depths (0-5 and 5-10 cm) from replicated blocks of sediment (30 ϫ 30 ϫ 10 cm deep) harvested within each of the two vegetation communities at each of the three locations (n ϭ 3 for each species). Within the 27 replicates from each soil block, 18 core sections of each depth treatment were randomly selected for incubation. Nine were untreated (control) and nine were amended by adding N-Serve (2-chlor-6[trichloromethyl pyridine]) to inhibit nitrification (Kemp et al. 1990 ). Fifteen mg of N-Serve were added daily to each treated core, through a 2-mL injection of 100 mM N-Serve solution. Untreated cores received a control 2-mL injection of deionized water. All incubated cores were kept at room temperature and constant moisture conditions during a 10-d incubation (Abd. Aziz and Nedwell 1979) .
The nine remaining cores from each vegetation and depth treatment were subsampled by vertically quartering the cores into replicate ''quarter cylinders.'' These four subsamples were analyzed for (1) soil moisture and organic matter, (2) total Kjeldahl N (TKN) and NH 4 ϩ and NO 3 Ϫ concentrations in (3) porewater and (4) extractable fractions.
To extract porewater and salt-extractable pools of NH 4 ϩ and NO 3 Ϫ from sediments, two 5-g subsamples of each core were each placed into 50-mL vials with 20 mL of solution (2 mol/L KCl for salt extractable fractions, and deionized water for porewater fractions to insure an adequate sample volume). After vigorous shaking and centrifugation, the supernatants were filtered (0.45 m) and refrigerated until analysis for NH 4 ϩ and NO 3 Ϫ on an Alpkem RFA/2 autoananalyzer (0.01 mg/L detection limit).
Spatiotemporal variability in sediment characteristics was analyzed in two ways. First, moisture and organic content of sediment cores collected with belowground biomass in April, August, and November were analyzed with separate three-way ANOVAs testing for effects of species, depth, and site. Second, we compared soil variability (moisture content, organic content, and TKN before and after incubation) within soil blocks vs. between blocks using separate two-way random-factor nested ANOVAs on species and on depth, with the replication within soil blocks nested within sites.
Following these sediment analyses, differences in NH 4 ϩ and NO 3 Ϫ pools were analyzed with a three-way ANOVA comparing treatment (initial, control, N-Serve added), species, and depths. When differences were found between initial and incubated cores (both control and N-Serve added), DIN production and consumption rates were calculated from the mean N concentrations in the initial and incubated treatments. Ninety-five percent confidence intervals were generated for combinations of NH 4 ϩ and NO 3 Ϫ production rates by error propagation according to Barry (1978) , and t tests were performed on the means using these propagated variances.
Rates of net ammonification over the 10-d incubation were calculated as the difference between the mean of pools in the incubated control cores (Henriksen et al. 1981) . Gross nitrification was estimated indirectly as the difference between the mean of NH 4 ϩ pools in the N-Serve-treated cores and the mean of NH 4 ϩ pools in control cores. Net nitrification was calculated as the difference between the means of NO 3 Ϫ pools in initial cores and those of control cores. NO 3 Ϫ consumption rates were estimated as the difference between gross and net nitrification rates.
RESULTS
Tissue N concentrations
Concentrations of N in whole-culm, aboveground tissue of P. australis were consistently lower than those of S. patens (F 1,54 ϭ 2.781, P ϭ 0.0340; Fig. 1a, b) . For both species, N concentrations in aboveground biomass decreased through the growing season, with the lowest values observed in newly senesced tissues in November (F 2,54 ϭ 23.790, P Ͻ 0.0001). In August, at the peak of the growing season, N concentrations in aboveground tissues of S. patens (1.57% Ϯ 0.23% [mean Ϯ 2 SE]) were 60-70% higher than those of P. australis (0.92 Ϯ 0.12). After senescence, the difference between species in aboveground N concentrations declined to 47%, but N concentrations remained greater for S. patens than P. australis (1.22% Ϯ 0.20% vs. 0.83% Ϯ 0.15%).
No main effects of species or season were observed in N concentrations of belowground tissues. No differences between species were observed in belowground N concentrations on any sampling dates (F 2,54 ϭ 0.997, P ϭ 0.4131; Fig. 1b) . The only significant contrast observed was that belowground tissues of S. patens increased in N concentration from August to November (F 2,27 ϭ 3.152, P ϭ 0.0174). Based on seasonal physiology, we assumed that this difference reflects retranslocation of N back to the roots in S. patens at the end of the growing season.
Standing stock N
In addition to N concentrations, standing stock N (SSN) was strongly influenced by biomass accumulation through the growing season. Annual production of Ecological Applications Vol. 13, No. 4 FIG. 3 . N concentrations (%) in litter during a 1-yr incubation of whole-plant aboveground tissues from S. patens and P. australis tissues in plots of either S. patens or P. australis. Error bars denote a 95% confidence interval. Asterisks denote significant differences between species (not sites) for each month. P. australis was approximately three times greater for aboveground biomass, two times greater for belowground biomass, and 30% lower in root:shoot ratio than neighboring populations of S. patens (reported in Windham 2001) .
Amounts of SSN in aboveground biomass in August and November were significantly greater for P. australis than S. patens (t ϭ 8.776, P Ͻ 0.05). Belowground pools of SSN did not differ between species at any point of the growing season, due to cumulative error and high variability among replicates. N retranslocation, however, was evident for S. patens, in that November pools were greater than August pools of belowground SSN (t ϭ 6.944, P Ͻ 0.05; Fig. 2 ). Whole plant SSN tended to be greater in P. australis plots than in S. patens plots (Fig. 2) . Due to cumulative error, however, this difference between species was only significant in August (25 vs. 16 g/m 2 ; t ϭ 10.411, P Ͻ 0.05). We interpret the change in total SSN between April and August to represent the net N uptake. P. australis took up 15.2 g N/m 2 (from 9.7 Ϯ 0.27 to 24.91 
Litter N concentrations
Litter N concentrations varied strongly between species and between dates of collection (Fig. 3) . No site effects (single factor or interactions) were detected on the decomposition of P. australis tissues, so the data were pooled to test for differences between species FIG. 4. Estimated litter N pools (g N/m 2 ) over 1-yr incubation, calculated by combining measured rates of litter production, decomposition, and immobilization under field conditions. Error bars represent a 95% confidence interval calculated from cumulative error. Asterisks denote significant differences between species (not site) for each month.
FIG. 5. Short-term NH 4
ϩ adsorption rates from NH 4 ϩ -NO 3 Ϫ solution onto milled aboveground tissues of (a) S. patens and (b) P. australis. Error bars denote a 95% confidence interval.
alone (df ϭ 1). Initial concentrations of N were greater in S. patens (1.2%) than P. australis (0.8%; F 1,18 ϭ 55.45, P Ͻ 0.0001).
Litter N concentrations increased more rapidly for S. patens than for P. australis over the growing season (F ϭ 84.494, P Ͻ 0.0001; Fig. 3 ). By November, after seven months incubation, both litter types had elevated N concentrations, but S. patens still had a greater net increase (123% vs. 64% for S. patens and P. australis; F ϭ 8.057, P Ͻ 0.0001). After one year of incubation, P. australis litter approached S. patens litter in N concentrations (1.94% vs. 2.52%, respectively). Although N concentrations of P. australis litter continued to rise between each harvest, no significant increase in N concentration was observed for S. patens over the winter months (from November 1997 to April 1998; Fig. 3 ).
Litter N pools
N pools (g N/litter bag) were greater for S. patens from June to November 1997 (Table 1) . However, after one year of incubation, the relative increase in N due to immobilization was greater in P. australis (0.04 vs. 0.01 g N/litter bag; Table 1 ). Exogenous (newly acquired) N pools at each sampling time were calculated as the difference between current and initial standing stock pools of N. P. australis incorporated and sequestered more exogenous N (milligrams N per grams of litter) during the first year of decomposition than did S. patens (Table 1) . By April, the N content of S. patens litter bags was far past the annual peak, having already mobilized 73% of their total N stock. Further, given the litter production and decomposition rates of these species, the estimated amount of N that could be immobilized and sequestered after one year was significantly greater for one cohort of P. australis litter ϩ /kg soil in P. australis and S. patens). Nitrate concentrations were below detection (BD, Ͻ0.01 mg/L NO 3 Ϫ ) for both species in all initial and most incubated cores.
* P Ͻ 0.05; ** P Ͻ 0.01; *** P Ͻ 0.001.
during the first year of decomposition than for S. patens (22 vs. 8 g N/m 2 ; Fig. 4 ).
Short-term litter immobilization and adsorption
No significant differences were observed between NH 4 ϩ concentrations in vials of different litter types. NH 4 ϩ removal was rapid for both litter types, and significantly greater than the litter-free control vial after only eight hours (F 6,21 ϭ 4.501, P ϭ 0.0018; Fig. 5a , b). Physical sorption appeared to dominate short-term uptake of N on litter. For both species (P. australis and S. patens), the biologically active, unamended litter treatments removed NH 4 ϩ at the same rate as the chloroform-added and autoclaved litter treatments (F 5,18 ϭ 0.902, P ϭ 0.3478; Fig. 5a, b) . NO 3 Ϫ concentrations did not vary significantly between treatments at any time during the incubation period.
Sediment characteristics
Sediment samples taken from root cores in April, August, and November did not vary systematically in moisture or organic content over the growing season under either species (Table 2 ). The two main effects of species and site on sediment properties were that organic matter content was lower in P. australis plots and that Site 3 showed slightly greater contents of organic matter, moisture, and N for both species (Table  2 ). The only difference in N pools observed between NET IMPACT OF PLANT INVASION ON N CYCLE   FIG. 6 . Estimated daily rates of net and gross N mineralization, nitrification, and nitrate consumption in P. australis and S. patens sediments, as calculated from NH 4 ϩ and NO 3 Ϫ pools in both initial and incubated (Control and NServe) sediment cores. Error bars represent Ϯ2 standard errors (95% confidence intervals). Asterisks denote significant differences between species. BD ϭ below detection limits as described in Table 3 . species was a 15% lower concentration of TKN in P. australis sediments from the 0-5 cm depth at Site 3 (F 1,9 ϭ 4.41, P ϭ 0.024). This site was the farthest from the tidal creek and had the greatest mean moisture content in April, August, and November. Porewater NH 4 ϩ pools in fresh sediment cores were also highly variable, but not significantly different between sites (F 2,27 ϭ 0.918). NH 4 ϩ pools also remained similar between species and depths (1.04 vs. 1.18 mg N-NH 4 ϩ / kg in P. australis and S. patens). NO 3 Ϫ pools were similar among sites, species, and depths with most samples below detection for NO 3 Ϫ concentrations. No differences were found between NH 4 ϩ pools estimated by porewater or KCl extractable concentrations, so NH 4 ϩ pools were calculated based on the average of these two concentrations.
Sediment production and consumption of DIN
Over the course of the 10-d experiment, sediments from both P. australis (t 1,18 ϭ 9.01, P Ͻ 0.005) and Table 3 ). Mean values of net NH 4 ϩ production were 384% greater in P. australis sediment cores than in S. patens sediment cores (t 1,54 ϭ 2.411, P Ͻ 0.01; Fig. 6 ). Both depths of soil (0-5 and 5-10 cm) had similar rates of NH 4 ϩ production, and these samples were pooled for analysis. The small ‡ Calculated as the accumulation of exogenous N on litter after a 1-yr incubation. § Calculated as the predicted annual uptake of exogenous N on a single cohort of fresh litter. Calculated as annual rates (March-December) for 1-cm soil depth as extrapolated from a daily rate, using a conservative Q 10 of 1.5 in a normally distributed, five-step monthly decay distribution around the peak rates measured in July and August. differences in moisture, organic matter, and TKN at Site 3 did not translate into differences in DIN dynamics.
Estimated nitrification rates were 371% greater in P. australis than in S. patens sediments (t 1,54 ϭ 17.41, P Ͻ 0.05; Fig. 6 ). Again, both depths of soil (0-5 and 5-10 cm) and all three sites had similar NH 4 ϩ pools with the N-Serve additions, and were pooled for an average nitrification rate. Interestingly, a similar percentage of NH 4 ϩ was nitrified in both sediments (P. australis, 36.7% in P. australis and 38% in S. patens sediments).
Net nitrification rates were not significantly different from zero in both communities (t 1,27 ϭ 1.204). Because NO 3
Ϫ did not accumulate in the cores, NO 3 Ϫ consumption was estimated to be roughly equal to NO 3 Ϫ production.
DISCUSSION
In the present study, the invasion of P. australis into brackish marshes caused large changes in many components of the N cycle, but paradoxically, the net effect on external N budgets (inputϪoutput) appears to have been small (Fig. 7) . Presumably, when P. australis replaced S. patens, more N was demanded by plant and litter uptake, but more N was also supplied by sediment mineralization. Similarly, nitrate production was higher in P. australis-dominated sediments, but so were rates of nitrate consumption. The changes in the cycling of N between the plants and the soil appear to be compensatory, so that there is little, if any, net effect on the balance of input and output for the site.
The invasion of P. australis into high marshes affected some N fluxes more strongly than others (Table  4) . Rates of litter immobilization were 500% greater on P. australis litter, whereas plant uptake by P. australis was only 60% greater than uptake by S. patens. Similarly, rates of ammonification, nitrification, and denitrification increased nearly 300%. In contrast to these differences, short-term litter adsorption did not differ between these plant communities, and no differences were observed in surficial or subsurficial export of DIN (Windham, in press ). For some quantities, the potential effects of higher N concentrations in S. patens live and dead tissues are outweighed by the much greater biomass of P. australis tissues. Thus, the net effect of the P. australis invasion was a function of the relative amounts of change in different processes and the interaction of reaction rate and/or concentration with the biomass pool size.
Most of the differences may be attributable to morphologic and physiological differences between these perennial grasses. P. australis, a C 3 grass, has large belowground and aboveground rhizomes, which generate stout (up to 2 cm diameter), erect (up to 4 m), hollow culms at densities up to 100 culms/m 2 and relatively large leaves up to 40 cm long and 5 cm wide (Haslam 1972) . Roots originate from widely and deeply dispersed rhizomes (up to 1.5 m belowground; Haslam 1971, Lissner and Shierup 1997) , and the high rates of transpiration ) and Venturi-enhanced convective ventilation (Armstrong and Armstrong 1991) promote a more oxidized rhizospere than S. patens Lathrop 1999, Bart and Hartman 2000) . In contrast, S. patens forms tussocks of shorter, thin tillers up to 1 m tall and 2-3 mm in diameter, with stem densities between 1200-2000 stems/ m 2 . A caespitose C 4 grass, S. patens roots are clustered under tussocks and penetrate to 40 cm depth, at most (Burke 2001) . Marshes generally show a 3-to 10-fold increase in aboveground biomass when P. australis replaces S. patens communities (Windham and Lathrop 1999 , Meyerson et al. 2000 , Windham 2001 ). Further, the dense, regular culm spacing and a thatch of recalcitrant litter common to P. australis stands can promote the deposition of sediments or particulate organic matter (POM), thereby increasing organic subsidies as well as increasing surface elevations (Rooth and Stevenson 1999) .
The most important differences may have been: (1) the greater immobilization of N on P. australis litter during the first year of decomposition (12.04 g/m 2 vs. 1.95 g/m 2 in S. patens), and (2) the need for an additional source of N for plant uptake in the S. patens sites, but not in the P. australis sites. The former difference arises from the much greater amount of recalcitrant litter deposited on the marsh surface by P. australis populations, its slower decomposition rate (Windham 2001) and the ability of the litter to retain exogenous N over more than one year. The latter difference arises from the fact that N uptake by S. patens exceeds N mineralization, whereas N uptake by P. australis was less than N mineralization.
Windham (in press) found that depth-averaged (0-50 cm) porewater pools of DIN were reduced threefold in S. patens marshes following the invasion of P. australis (see Fig. 8a, b) . Similar to results reported by Chambers (1997) , the differences between species were most pronounced below 10 cm depth, which may be why no differences in porewater DIN pools were observed in our study. Because horizontal advective flow is of marginal importance in marsh interiors (Howes and Goehringer 1994) and at these sites (Windham, in press) , this difference can be attributed best to increases in plant uptake and coupled nitrification-denitrification following the invasion of P. australis.
We note that temporal scale is important when assessing the effects of a shift in plant species in two ways. First, the relative effects of a shift in plant species change over time. For example, Windham and Lathrop (1999) demonstrate that when P. australis replaces S. patens, aboveground biomass increases significantly after only three years, whereas it may take 15 years for the biomass to reach a peak and stabilize and/or to observe differences in sediment characteristics (e.g., redox potentials). Although we used only established stands of P. australis (20-25 years old), we consider the present study an analysis of short-term impacts because it remains unclear how much longer P. australis would be able to generate DIN from these sediments. Second, differences between species litter immobilization rates can vary when observed monthly or annually. Whereas S. patens litter initially immobilized more N, it quickly became saturated, resulting in a release of more than 70% of its new N after one year of incubation. In contrast, whole-plant litter of P. australis continues a net accumulation of N throughout the yearlong incubation. Some possible long-term fates of this accumulated N include release from the marsh surface, burial by sediments (Rooth and Stevenson 2000) , and/or redistribution to subtidal environments through tidal flushing (Bouchard and Lefeuvre 2000) .
The data point towards two important effects of P. australis on N cycling that should be examined further. First, the source(s) of N taken up by both plants must include some combination of N generated within the sediments from mineralization, N fixation, and N imported into the site in floodwater and/or in groundwater discharge. Process-based measurements by Anderson et al. (1997) and 15 N tracer experiments by White and Howes (1994) emphasize the importance of mineralization to N availability. If much of the additional N accumulated within P. australis biomass and litter was supplied from the decomposition of buried organic N, then increased mineralization rates mediated by P. australis may represent a source of N to the marsh system. This is in direct contrast to P. australis's role as a sink through uptake and immobilization in live and dead plant tissues.
Second, the data suggest that nitrate consumption rates, and thus denitrification, differ between these communities. This prediction of greater denitrification in P. australis soils is supported by a subsequent laboratory assay of potential denitrification rates in sediments from another brackish marsh (Piermont Marsh, Hudson River, New York) similarly invaded by P. australis (Windham and Meyerson 2003) . Short incubations (2 h) using the denitrification enzyme assay technique (described in Groffman and Hansen 1997) found 160% greater rates of potential denitrification rates in sediments from P. australis plots than in sediments from S. patens plots. This implies that as P. australis Ecological Applications Vol. 13, No. 4 replaces S. patens, the marsh becomes a greater sink for N through gaseous loss of N 2 O, NO, or N 2 , a potentially important term in salt marsh nitrogen budgets (Valiela and Teal 1979) .
Results of this study demonstrate that the replacement of S. patens with P. australis in brackish tidal marsh can result in important and complex changes in ecosystem function. It has been suggested for terrestrial ecosystems that plant-soil interactions may create positive feedbacks that increase or decrease N availability (Hobbie 1992 , Hooper and Vitousek 1998 , Petraitis and Latham 1999 . In these brackish marshes, we have found that multiple changes in process rates and pool concentrations interact with changes in pool size to create counterbalancing effects. Thus, increased mineralization rates are balanced by increased uptake in P. australis, and lower N immobilization rates in P. australis litter are compensated by larger pools of litter. There is, thus, little evidence for a positive feedback, or directional shift, in these marsh N budgets as plant species change.
In a comparative study on perennial grasses, Wedin and Tilman (1990) found that the shoot:root ratios of temperate grasses were positively correlated with N mineralization, which suggests a positive feedback between leaf tissue production and high rates of N mineralization. In salt marsh grasses, increased amounts of aboveground biomass may also promote N mineralization but by a different mechanism. Wetland plants can raise soil reduction-oxidation (''redox'') potentials through high rates of transpiration (Dacey and Howes 1984) and/or the downward movement of oxygenated air through aerenchymous tissues in the roots (Bedford et al. 1991) . These mechanisms have been demonstrated for aquatic plants (Jaynes and Carpenter 1986, Carpenter et al. 1983) , marsh plants (Bedford et al. 1991 , Brix 1993 , Engelaar et al. 1995 , wetland forest trees (Grosse 1997) , and tidal marshes (Howes et al. 1986 , Mendelssohn 1993 . N mineralization in wetland sediments may be limited more by the quality and availability of electron acceptors than by litter quality (Howes et al. 1985 , Anderson et al. 1997 . Whereas species with low N concentrations in aboveground biomass may decrease rates of N cycling in terrestrial systems, low N aboveground biomass in salt marshes may not decrease rates of N cycling if it is coupled with greater transpiration and increased rates of sediment mineralization. In the case of P. australis, N mineralization is promoted belowground but suppressed aboveground (via slower litter decomposition), thus generating nondirectional effects on the overall N availability of a brackish tidal marsh.
In conclusion, this study demonstrates the importance of measuring multiple processes to determine the net impact of a plant invasion on ecosystem functions. The great biomass of P. australis drives many changes in rates, which compensate for each other in the internal N cycle. As illustrated in this case, the net input-output balance of N for an ecosystem can remain relatively constant even though process rates and pools undergo large changes, if these changes are in opposing directions. The implications of this P. australis invasion lie largely in the inputs and outputs of N from the system. N mining from buried, refractory matter may represent a new supply of N to the system. Greater rates of nitrification and nitrate consumption via denitrification may promote N emissions to the atmosphere. Further, P. australis may play a role in limiting eutrophic conditions by sequestering or removing N in N-enriched coastal wetlands.
Any prediction of how a plant invasion will affect N availability within an ecosystem is complicated by compensatory changes in different N-processing rates, disparity in the relative amount of change in each process, and the dominant effect of changes in pool sizes. It is likely that effects of invasions will differ in the magnitudes and directions of changes in rates and pools, depending on (1) the opportunity to influence ecosystem processes and (2) the relative influences of the species invading and the species being replaced. Plant invasions, therefore, will differ in the amounts and directions of change in ecosystem processes. Further, the strong influence of wetland plants on sediment redox potentials, microbial processes, and particulate deposition (organic or inorganic) hinders the direct application of terrestrial models to understand plant-mediated N-cycling processes in tidal marshes.
